Peptide-lipid interactions can be investigated with spin-labelled lipid probes by using electron spin resonance (ESR) methods that have been developed for studying lipid-protein interactions with both integral and peripheral membrane proteins and also with surface-binding proteins that additionally penetrate the membrane. This approach has the advantage that a direct comparison can be made with the databank of ESR results from the various types of membrane protein. T h e appropriateness of the peptides as models for membrane proteins, or for their specific segments, can then be assessed. Further, differences in behaviour can be readily identified, as for example in the case of surface-active cytolytic or fusogenic peptides. Comparison with thermodynamic predictions for membrane insertion provides a useful adjunct to the spin-label method.
Introduction
Electron spin resonance (ESR) spectroscopy of spin-labelled lipid chains has proved to be a valuable method for studying rotational molecular dynamics in biological membranes [1,2]. This is because the rate of rotational motion required for averaging the angular spectral anisotropy almost exactly matches that of the lipid-chain motions in fluid membranes. Consequently, spin-label ESR has found wide application in studying lipidprotein interactions with integral, peripheral and membrane-penetrant proteins [3-51. T h e same approaches may also be applied to investigate peptide-lipid interactions [6-81.
The following analogies with membrane proteins are found (see [5,9,10]). (1) Transmembrane peptides in their oligomeric state result in a population of lipids whose chain rotational motion is directly restricted at the hydrophobic peptidelipid interface [l 1-1 31. This population is resolved in the ESR spectrum of lipids spin-labelled close to the terminal methyl end of the chains as a second component distinct from the fluid bilayer lipids. Quantification of this second component by difference spectroscopy yields both the stoichiometry and selectivity (for different spin-labelled Table I Free energy of transfer from water, AGmnsp and hydrophobic moment, paH, of various peptides calculated according to the membrane-interface and octanol scales of White and Wimley [22] N-and C-termini without end groups are assumed t o be uncharged. For M I 3 core, no end groups are included. For transmembrane peptides, transfer free energies are particularly favourable on the interfacial scale because the interfacial anchoring residues at N-and Ctermini are included. N, number of residues: Ac, acetyl; Fm, formyl: Etn, ethanolamine. pCOIV, presequence of bovine cytochrome oxidase subunit IV; pOmpA, signal peptide of Escherichio coli outer membrane protein OrnpA (including the fird four residues of the mature protein): K27, apolar domain of the minK (IsK) K+-channel-associated protein: M I 3 core, apolar domain of the M I 3 bacteriophage coat Transmembrane peptides from Na+/K+-ATPase Na+/K+-ATPase is a relatively large integral protein, an a/?-heterodimer, that constitutes the sodium pump of cell plasma membranes. It transports sodium and potassium ions against their concentration gradients in an electrogenic, antiport fashion. Extensive proteolysis of the membrane-bound protein by trypsin in the presence of Rbt leaves four membrane-bound peptides from the #-subunit in an assembly that is still able to occlude radioactive Rb+ [l 11. The small /?-subunit is left intact on trypsinolysis. From N-terminal sequencing, molecular masses and candidate cleavage sites, the membrane-bound tryptic peptides correspond to sequence positions 68-1 65, 263-347, 737-826 and 834-1016 of the a-subunit (numbering for sheep kidney pump).
Rb'occlusion, which is lost on more extensive trypsinization of the 834-1016 fragment in the absence of Rb+, is the only functional property that can be assayed for the transmembrane segments. Other information on whether the trypsinized preparation retains the transmembrane assembly characteristic of the native protein can be obtained by studying the lipid-protein interactions and rotational diffusion of the protein by spin-label ESR. It is found that both the number of lipids ( x 32 per protomer) surrounding the intramembranous perimeter and the major features of the lipid-headgroup selectivity of interaction are preserved in the trypsinized membranes [11, 29] . Additionally, the overall rotational diffusion rate of the spin-labelled intramembranous peptide assembly that was determined by saturation-transfer ESR is unchanged on trypsinization [ll] . Because the latter is determined by the intramembranous cross-section of the protein [2] , this provides further evidence that the structural integrity of the intramembranous assembly is preserved after extensive trypsinization.
Hydropathy profiles can be used to predict which transmembrane segments are contained within the various tryptic peptides. The thermodynamic whole-residue hydrophobicity scale obtained by White and Wimley [22] for partitioning of Ac-WLXLL peptides into octanol is found to have good predictive properties for the sarcoplasmic/endoplasmic-reticulum Cae+-ATPase (SERCA 1) (D. Marsh, unpublished work). The positions of the 10 (a-helical) transmembrane segments of the latter, unlike those for the Na+/K+-ATPase, are now known from the crystal structure [3 11. Applying a similar hydropathy analysis for the Na+/K+-ATPase predicts the following transmembrane (TM) segments for the a1 subunit from sheep kidney, based on analogy with the 10-helix motif of the Ca*+-ATPase: T M I , [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] TM2, [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] T M 3 and TM4, TMS and TM6, [768] [769] [770] [771] [772] [773] [774] [775] [776] [777] [778] [779] [780] [781] [782] [783] [784] [785] [786] [787] TM7, TM8, [906] [907] [908] [909] [910] [911] [912] [913] [914] [915] [916] [917] [918] [919] [920] [921] [922] [923] [924] TM9, [946] [947] [948] [949] [950] [951] [952] [953] [954] [955] [956] [957] [958] [959] [960] [961] [962] [963] [964] . Hence the three smaller tryptic peptides are predicted to contain two transmembrane segments each, corresponding to the putative pairs : TMl-TM2, TM3-TM4 and TM5-TM6. The larger C-terminal tryptic peptide is predicted to contain four putative transmembrane segments : TM7-TM10. It is the latter that is necessary for retention of Rb-occlusion capacity, but includes only one residue that contributes to a Ca2+-binding site in CaZf-ATPase.
Although the overall pattern is similar, there are significant differences in the hydropathy profiles between Ca2+-ATPase and Na+/K+-ATPase (see Figure 1 ). These possibly correlate with differing biophysical/structural properties of the two proteins. The number of motionally restricted (i.e. first-shell) lipids per protomer is considerably larger for the Na+/K+-ATPase than for the Caz+-ATPase [15]. This difference is greater than would be expected merely due to the presence in the former of the/?-subunit, which is predicted to have only one transmembrane span. It is unlikely that the difference can be attributed to different states of oligomerization in the membrane. CaZt-ATPase is monomeric in the crystal, a state which exposes the maximum intramembranous perimeter (per monomer) to the lipid. In addition, trypsinized Na+/K+-ATPase preparations have a considerable content of &structure [32] , whereas extensively proteolysed CaZ+-ATPase is mostly a-helical [33] . Although it cannot be excluded that p-structure in trypsinized Na+/K+-ATPase is confined to extra-membranous regions, the nicotinic acetylcholine receptor provides a possible precedent for mixed alp structure within the membrane [34].
T h e major differences from the hydropathy profiles of the Ca2+-ATPase are the following (see Figure 1 ). T h e hydrophobicity of T M 9 is low and those of T M 8 and TMlO are relatively high for Na+/K+-ATPase, and vice-versa for Ca2+-ATPase. This could be a result of switching the function of T M 8 and T M 9 in the two P2-type ATPases (see [35] ). Neither T M 3 and TM4, nor T M 5 and TM6, are resolved as two peaks in the hydropathy profiles of Na+/K+-ATPase. T h e width of these peaks is also narrower than for the corresponding segments in the Ca2+-ATPase. Finally, the width of the hydropathy peak for T M 7 is considerably larger than that for Ca2+-ATPase. Whether these differences can be attributed to transmembrane p-structure and the rather unlikely possibility of a radically different intramembranous structure is not yet known. What is clear, however, is that the hydropathy profile of the Na+/K+-ATPase does not fit the 10-helix paradigm as well as does that of SERCA 1.
Peptides from apocytochrome c
Apocytochrome c, the basic haem-free precursor of cytochrome c, binds strongly to anionic lipid membranes. Correspondingly, the spectral anisotropy of spin-labelled lipids (measured by A,,,) is increased at all positions of chain labelling, while still preserving the chain mobility gradient characteristic of fluid lipid bilayers [36] . Additionally, however, a second component characteristic of a more motionally restricted lipid population appears in the ESR spectra of lipids spin-labelled towards the terminal methyl end of the chains. In analogy with the results from transmembrane peptide segments, the motionally restricted lipid population is attributed to penetration of part of the precursor protein into the hydrophobic interior of the membrane. Penetration of the protein into the lipid membrane is thought to be of direct relevance to the import of apocytochrome c into the mitochondrion. Unlike most other imported mitochondria1 proteins, the cytochrome c precursor does not bear a presequence and its import is not dependent on A T P or the membrane potential, nor has any specific receptor protein for apocytochrome c been identified. T h e interaction with negatively charged lipid membranes of peptide fragments derived from apocytochrome c has been studied by spin-label ESR spectroscopy in an attempt to identify those sections of the protein responsible for membrane penetration [19]. T h e peptides used for this study are given in Table 2 . With the exceptions of fragment 66-80, which does not bind at all, and fragment 60-104, which binds only weakly, all other peptides studied increase the spectral anisotropy of a 5 C atom position spin label and induce a motionally restricted lipid population assayed with a 12 C atom position spin label.
Whereas all strongly binding peptides induce similar increases in spectral anisotropy of the 5 C atom position label on surface binding, the size of the lipid population that is motionally restricted by membrane-penetrant parts of the peptide differs considerably. In particular, it is interesting that the values of nb for the complementary fragments 1-38 and 39-104 add up to that for the full-length protein. Such complementarity is not seen, however, with the other, multiple fragments. This suggests that these fragments may be cleaved at boundaries within penetrant regions and/or secondary structural elements of the entire protein.
T h e free energies predicted for transfer of the peptides both to the membrane interface and to the hydrophobic core (i.e. to octanol) are all positive (see Table 2 ). Binding of apocytochrome c and its peptide fragments to negatively charged lipid membranes is therefore entirely electrostatic in origin. This is consistent with the ionic strength dependence of binding [19,36] and the fact that peptide fragment 60-80 with a single net positive charge (see Table 2 ) does not bind. Also, the relatively large peptide fragment 60-104 with net charge of only + 2 binds weakly. It should be noted, however, that membrane affinities given in Table 2 are lower estimates. They correspond to the membrane-associated peptide in a random coil conformation. Both apocytochrome c and several of its constituent peptides assume considerable a-helical structure on membrane binding [19]. Experiments with melittin indicate that a-helix formation contributes an additional -1.7 kJ (-0.4 kcal)/mol to the transfer free energy for each residue in the helix [37]. A comparable value of -2.5 kJ (-0.6 kcal)/mol per residue has been obtained for a peptide that forms P-sheets on membrane association [38] .
In view of the above, membrane-penetrant sections of the peptides must therefore be rather localized. This is evident also from the relatively low lipid stoichiometries, nb (see Table 2 ), and the fact that the degree of chain motional restriction is considerably less than that for integral transmembrane peptides. Putative localized membrane-penetrant regions can be identified from hydropathy profiles evaluated with different sizes of the sliding window over which residues are averaged. Such segments are encountered first with window sizes that are greater for the interfacial scale than for the octanol scale. ' Hotspots' of hydrophobic penetration that are energetically favourable relative to an interfacial location are detected first for a window of seven residues. Figure 2 gives the hydropathy profiles for apocytochrome c evaluated using both the interfacial and octanol scales of White and Wimley [22] , and a window of five residues. Three 5-7-residue segments are predicted preferentially to penetrate the hydrophobic core of the membrane. These correspond to residue positions 30-36, 80-85 and 94-98 , which have favourable transfer free energies relative to the interface of AAGtransr of -3.3, -5.0 and -6.7 kJ/mol (-0.8, -1.2 and 
Conclusion
Like apocytochrome c, the myelin basic protein binds only to negatively charged lipid membranes but induces a motionally restricted lipid population; in this case more strongly than does apocytochrome c [41, 42] . Complementary peptide fragments produced by cleavage at the single Trp-115 also bind, but only the larger N-terminal fragment ( F l ) induces a motionally restricted lipid component, and to a lesser extent than does the whole protein [42, 43] . Myelin basic protein contains two appreciable stretches of amino acids (residues 34-44 and 107-116) with favourable transfer free energies [AGtransr = -6.2 and -11.7 kJ/mol ( -1.5 and -2.8 kcal/mol) respectively] to the membrane interface. One of these is in fragment F1 and the other contains the cleavage point. T h e only segment of appreciable size with a favourable free energy of transfer to the hydrophobic core of the membrane (i.e. to octanol), relative to the interface, is confined to the F1 fragment. This segment (residues 85-93 ; AGtransr = -2.2 kcal/mol) is longer than the hydrophobic segments in apocytochrome c (see Figure 2 ) and is situated close to the second segment that favours an interfacial location. Possibly cleavage in the second interfacial site disrupts synergy with the hydrophobic segment and hence reduces penetration of fragment F1 into the membrane.
Finally, the amphipathic cytochrome oxidase subunit IV presequence, pCOIV, has been found to evince a motionally restricted lipid population on binding to negatively charged lipid membranes [20] . T h e entire peptide is predicted to have a favourable location at the interface, but not in the hydrophobic core (see Table 1 ). However, residues 7-11 (SIRFF) are predicted to be more favourably located in the hydrophobic core [AGtransf = -9.6 kJ (-2.3 kcal)/mol] than in the interface [AGtransf = -6.7 kJ (-1.6 kcal)/mol] and this preference persists to an attenuated extent on including several further residues. T h e alternating distribution of polar and apolar residues that is characteristic of presequences gives rise to a sensitive dependence on lipid composition, particularly modulation by the mitochondria1 lipid cardiolipin [20] . 
Introduction
Despite their importance, and the fact that they make up about 30 % of most genomes, our understanding of membrane-protein structure remains rather poor. Such is the scale of our ignorance that high-resolution X-ray structures of about a dozen different membrane proteins are known, whereas such structures are available for hundreds of
